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Abstract 
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\ If the Higgs boson is confirmed to lie in the narrow mass range between 115 — 

127 GeV, then stability of the electroweak vacuum in a minimal model with 
a universal extra dimension (mUED) will require a much lower cutoff for the 

O 

{Nj . theory than has been envisaged earlier. We show that this low cutoff would lead 



to important changes in much of the mUED phenomenology studied till now. In 
particular, prospects for LHC searches for n — 1 states are rather limited, while 



resonant n = 2 states may go completely undetected. Prospects for detection at 

& . 

the ILC and CLIC are less affected. 
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The Higgs sector has always been regarded as an Achilles heel for the Standard Model 
(SM), inasmuch as it calls for the induction of elementary scalar fields, for which there was 
not a shred of experimental evidence at the time when the SM was developed. Moreover, 
as soon as we attempt to embed the SM in a higher gauge symmetry, the mass of such 
an elementary scalar becomes unstable, and new physics has to be invoked to restore the 
model to consistency. Despite these obvious drawbacks, the simplicity of the Higgs model 
for electroweak symmetry-breaking has been attractive enough for it to be taken with all 
seriousness through several decades of fruitless searching for the Higgs boson. Now, at 
long last, there seem to be reasonable hints [1] that a neutral Higgs boson of mass around 
125 GeV will soon be discovered at the LHC Measurement of the Higgs boson mass would 
mean that the last unknown parameter in the SM would become known, and since each 
particle mass in the SM is related to a coupling constant, this would also mean that all the 
interactions in the SM will be fully known. More specifically, if Mh ~ 125 GeV, then the 
Higgs boson self-coupling A will be given, at the electroweak symmetry-breaking scale, by 
A = M 2 H /2v 2 « 0.129 . 

While it is true that we now have strong hints for the existence of a Higgs boson, it appears 
that some more time will be required before a discovery (or a negation) can be announced. 
On a more firm footing, however, is the exclusion of SM Higgs bosons with mass below 
115 GeV and above 127 GeV pQ. Thus, hints or no hints, if the SM Higgs boson exists, 
it must lie in the mass range 115 — 127 GeV. As it happens, this is a range where the 
Higgs boson leads a somewhat precarious existence, for as we increase the energy scale Q 
above the electroweak scale, there is a tendency for the running coupling X(Q) to be driven 
to smaller and smaller values, eventually becoming negative. If this happens, the scalar 
potential becomes unbounded from below, or, in the usual jargon, the electroweak vacuum 
becomes unstable. In the SM, however, this happens at an energy scale in the ballpark of 
10 11 GeV [2] - which is well above the energy scale at which any present or foreseeable 
terrestrial experiment can be done. Presumably, some new physics will appear at a high 
scale before this point of instability is reached, and the vacuum of the new theory will be 
stable — obviously this would not be directly verifiable by experiment, but we can take the 
corresponding scale as the cutoff when calculating quantum corrections in the SM framework. 

Since the scale where the new physics must appear is far below the Planck scale, a Higgs 
boson discovery in the range 115 — 127 GeV would immediately indicate the existence of new 
physics beyond the SM. More interestingly, the presence of new particles and interactions at 
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or around the electroweak scale in models which go beyond the SM can lead to considerable 
changes in the running of the SM parameters, including the scalar self-coupling X(Q). Per- 
haps the most dramatic manifestation of this happens in miminal models with a universal 
extra dimension (mUED), in which a whole set of Kaluza-Klein (KK) excitations of the SM 
particles appears every time we cross a threshold Q ~ n/R, where neZ and R is the radius 
of compactification [3] . In such models, the coupling constants run much faster than in most 
other scenarios, following a power-law behaviour [U[S] rather than the slower logarithmic 
running familiar to us in the SM. This power-law running has three major consequences, 
viz., 

• The three gauge couplings tend to unify approximately at a scale Q ps 20i?~ 1 . Since 
it is usual to take somewhere around the electroweak scale, this would bring the 
grand unification (GUT) scale down to the order of 10 TeV. 

• If A *S 0.28 at the electroweak scale, this self-coupling grows with energy scale Q and 
eventually develops a Landau pole at a scale around 45i? -1 . Obviously, the cutoff of 
this theory cannot lie beyond this scale. This leads to the well-known triviality bound 
on the mUED model. 

• If A ^ 0.18 at the electroweak scale, this self-coupling decreases with energy, until it 
is eventually driven to a negative value at an energy scale Q which is generally less 
than the GUT scale in this model. At this point, as explained above, the electroweak 
vacuum becomes unstable. This value of Q may, therefore, be referred to as the vacuum 
stability bound and we should require the theory to be cut off at this scale or lower. 

The range 0.18 ^ X(Q CW ) ^ 0.28 is a grey area, portions of which can fall under either of 
the above two cases depending on exact value of the top quark Yukawa coupling at the 
electroweak scale, and the accuracy to which the beta functions in the theory are evaluated. 
However, this discussion is now a purely academic one, because we know that if the Higgs 
boson exists, we must have 0.11 < X(Q CW ) < 0.13 — which means that we are definitely 
faced with the scenario described in the third bullet above. One therefore, needs to ask the 
question, what is the vacuum stability bound, beyond which the minimal UED model must 
be cut off, and how many KK levels are allowed to contribute to processes generated at 
the loop level? This issue has already been addressed in Refs. [51 E], for a somewhat larger 
range of allowed X(Q ew ) than the above, each of which was consistent with the then-current 
bounds on the mass of the Higgs boson. We revisit the bound here, in the light of the narrow 
window 115 — 127 GeV in which the Higgs boson mas may be presumed to lie. We have 
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used the same formulae as in Ref. [5], with a top quark mass chosen to be 173.2 GeV. Our 
results are shown in Figure [TJ 



In Figure we have plotted, function 
of the compactification radius R' 1 , the ra- 
tio A/R^ 1 = AR. The (blue) shaded region 
shows the variation in this ratio as the mass of 
the SM Higgs boson is varied from 115 GeV 
to 127 GeV. Obviously, assuming tree-level 
masses, the number of KK modes with mass 
M n = n/R which can participate in any pro- 
cess will be given by the nearest integer less 
than the ordinate for a given value of -R -1 , 
plotted along the abscissa. It is clear that 
this number will only vary between 2 and 4, 
and can never reach higher values such as 10 
and 20 without destabilising the electroweak 
vacuum. Variation of the top quark mass be- 
tween its experimentally allowed limits results 
is some minor distortion of the curves shown 
in Figure HJ but the conclusion remains un- 
changed. 
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Figure 1: Variation with Br 1 of the cutoff A, 
presented in terms of the ratio A/i? _1 , as permit- 
ted by stability of the electroweak vacuum. 



A similar result also follows from the constraints presented in Ref. [6j. What has not been 
studied in Ref. [6], however, and forms the main thrust of our work, is the serious implications 
such a low cutoff implies for the phenomenology of the mUED model in the context of 
collider searches. In the following discussions, we explore these consequences in two different 
contexts, viz. 

1. electroweak precision tests; and 

2. collider searches for mUED signatures. 



Before proceeding further, we pause at this point to recall how the masses and couplings of 
the mUED model are generated. At the tree-level the masses M n of all the KK excitations 
at the level n (n e Z) are given by 

M l = M l + #j C 1 ) 
3 



where M is the mass of the SM excitation, which corresponds to the zero mode n = of 
the KK tower of states. The non-observation of KK states at the LEP-2 collider, running 
at a centre-of-mass energy around 200 GeV, tells us that the value of is not less than 
100 GeV. This means that for n > 1 the KK excitations all have masses in the ballpark of 
n/R, i.e. are almost degenerate, with a small splitting, due to the zero-mode masses M . 
However, this is not the end of the story, for each KK mass receives quantum corrections at 
the loop level, i.e. we should re-write Eqn. ([T]) as 

IT? 

M 2 n = Ml + — + 5Ml (2) 

where the represents the radiative corrections at the level of as many loops as we wish 
to compute. Since the couplings are usually of electroweak strength, it is usually sufficient to 
compute the one-loop corrections. However, it is important to note that the loop momentum 
will run all the way up to the cutoff scale A of the theory, i.e. all the KK levels n which 
can be included within the scale A would contribute to the 5M% term in Eqn. fl2]). The 
detailed formulae for these corrections SM% may be found in Ref. [7], and have been used 
for our numerical estimates. These formulae are also implemented in a software package [8] 
to be run in conjunction with the Monte Carlo event generator CalcHEP j9], and we have 
verified that our results are in good agreement with this package. 

Generally, the phenomenological results available in the literature use a cutoff A rj 20i? _1 , 
which is consistent with the GUT scale in a mUED scenario. Now, however, we have seen 
that the cutoff must be much smaller, with A ^ 4R' 1 instead. Thus, when only three of four 
KK levels contribute to the self-energy corrections in place of twenty, it is natural to assume 
that these radiative corrections will be significantly smaller than those predicted earlier. 
Since it is primarily the 5M% which lift the degeneracy between different states at the same 
n level, one may expect the states to be rather more degenerate than had been thought 
earlier. This is illustrated in Figure [2J where we show the variation of the n = 1 masses, as 
a function of the ratio M\jR~ x = MiR, when R^ 1 varies from 100 GeV to 2.0 TeV. 

The different coloured bands in Figure [2] correspond to variation of some of the important 
masses in the n = 1 KK spectrum of the mUED model, viz., the n = 1 excitations of the 
gluon (gi), the light quarks (gi), the W-bosoia (Wi), the electron (ei) and the photon 71. 
Of these, the 71, whose mass remains more-or-less exactly at R~ l is clearly the LKP. The 
thickness of the bands in the right panel corresponds, as in Figure [TJ, to variation of M# 
over the allowed range, with the lower (upper) edge corresponding to M» = 115 (127) GeV. 
What strikes us immediately about the spectrum is that at the lower end, the overall splitting 
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Figure 2: Variation with R^ 1 of the masses of some of the n = 1 KK excitations. The lines/bands 
coloured red, pink, green, blue and black correspond, respectively, to the masses of the g\, qi, Wi, e\ and 71. 
Each mass is presented as a multiple of the common scale R . The right panel shows the spectrum with 
summation over the allowed number of KK levels, while the left panel shows the spectrum with summation 
over 20 KK levels. The yellow-shaded region in the right panel indicates the region < 260 GeV, which 
is more-or-less ruled out by LEP data on the oblique parameters (see below). 



between the lightest KK particle (LKP), viz., the 71 and the heaviest n = 1 excitation, viz., 
the <7i, is never more than about 17%. By contrast, if we sum the loop corrections over 20 
KK levels, we would predict a maximum splitting around 30%, i.e roughly double of what 
we see in Figure To take a concrete example, if R^ 1 = 500 GeV, the mass splitting is 
never more than about 80 GeV, whereas if we had summed over 20 levels, we would have 
predicted a splitting close to 150 GeV. It is interesting that the only specific input in all of 
this is the mass of the Higgs boson - the rest follows inexorably from the vacuum stability 
argument. Such compression of the spectrum will happen in all the KK levels, though we 
are most affected by the compression in the first level. 



Let us now take up the consequences of this effect in the specific phenomenological con- 
texts mentioned above. Obviously, the oldest of these constraints come from the electroweak 
precision tests - more specifically, from the mUED model contributions to the oblique pa- 
rameters S, T and U [TO]- Though these have been calculated by many authors [UJ, we use 
the simple and accurate formulae presented in Ref. |12j . Once again, we set the mass of the 
top quark to 172.9 GeV in our calculation. This is, in fact, an important parameter in the 
calculation of the oblique parameters, but we have checked that variation over the allowed 
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Figure 3: Oblique parameters in the mUED model. Both panels show the mUED contributions in 
red (black) depending on whether the summation over KK levels is carried out to realistic (twenty) lev- 
els. The ordinate is T x 10 3 in both panels. The blue (pink) ellipses on the left panel correspond to the 
LEP-2 constraints at 95 (90) C.L. and the blue (pink) lines on the right panel indicate the values of ordinate 
for which these are crossed by the mUED contributions, i.e. all values of ordinate lower than these lines are 
permitted by the electroweak data at 95 (90) C.L.. 

experimental range produces very small effects so far as the constraints on the mUED model 
are concerned. It is, therefore, convenient to keep its value fixed and vary other important 
parameters, such as the Higgs boson mass Mh and the compactification radius R. 

In Figure E] we plot the deviations S and T from the SM values, so that the SM corresponds 
to the origin of this graph. A glance at the left panel of Figure [3] informs us that the 
mUED contribution to the S parameter is so small that the constraint on this model arises 
essentially from the T-parameter, or, to use its older equivalent, the p-parameter. The S 
parameter contributes nevertheless, to the constraint through its correlation with the T- 
parameter, which is obvious from the fact that the allowed regions form ellipses rather than 
rectangles in the plots. Thus, the limits on the mUED model may be read off from the plot 
by considering the intersection of the mUED plot with the 90% and 95% C.L. ellipses. If we 
do this, we can demand that T will be less than 1.788 (1.396) at 90 (95)% level. Now, the 
black plots indicate the mUED contributions when we sum over 20 levels, while the red plots 
indicate the same results with a realistic cutoff. The thickness of the red curves indicates 
the result of varying win over the range 115 — 127 GeV. 

On the right panel of Figure |3j we have plotted the mUED contribution to the T parameter 
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as a function of -R" 1 , with red (black) curves indicating sums over realistic (twenty) levels. 
The difference is rather small, and hence, the imposition of vacuum stability constraints on 
the HiUED model results in a slight decrease in the constraint on Br 1 . The exact results are 
given in Table Q] below. 

levels 95%C.L. 99%C.L. 

3 -4 285 (296) 249 (261) 
20 310 273 

Table 1: Lower limits (in GeV) arising from electroweak precision tests, on the compactihcation scale Br 1 . 
The Erst line shows the realistic bounds, with the range corresponding to Mji — 115(127) GeV respectively, 
while the second line corresponds to summing over 20 levels — which is unrealistic, but consistent with 
earlier practice. 

The numbers presented in Table [1] make it clear that the compactification scale in the 
mUED model must lie above the electroweak scale, viz., 246 GeV. However, the difference 
induced by the vacuum stability constraint are rather modest, being at a level less than 
10% irrespective of the mass of the Higgs boson. On the whole, therefore, we may say 
that electroweak precision constraints on the mUED model essentially stand, with a slight 
relaxation from the earlier results. 

The compression of the spectrum has much more dramatic effects when we consider collider 
searches for the KK excitations in the mUED model. In this context, it is first worth noting 
that the constraints from precision electroweak data indicate that direct searches at both the 
LEP-2 and Tevatron colliders would fail, as pair-production of even the n = 1 KK excitations 
is beyond the kinematic limit of these machines. It must be to the LHC, running in the range 
of several TeV, that we turn for these direct searches. At this point, a quick review of mUED 
search strategies at the LHC is needed before we can assess the impact of the compression 
effect on these searches. 

Production modes for KK excitations at the LHC can be divided into two classes, both 
requiring roughly the same amount of energy, viz., 

• pair-production of n — 1 modes, which requires energy in the ballpark of 2 x B 1 , since 
the masses of n = 1 modes is in the ballpark of -R -1 ; 

• resonance production of n = 2 modes, which requires energy in the ballpark of 1 x 2B 1 , 
since the masses of the n = 2 modes is in the ballpark of 2i? _1 . 
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mUED searches based on the first of these, namely pair-production of n = 1 states, are 
very reminiscent of searches for supersymmetry, resulting in the appellation 'bosonic super- 
symmetry' for the mUED model. The principal modes for such pair production involve the 
strongly-interacting n — 1 states and are 



pp — >• 




(3) 



where q stands for any quark flavour, either singlet or doublet, with the top quark included 
if it is kinematically possible. The gi will always decay as 



9i -> 



(4) 



Q + Qi 
qi + q 

with a hadronic jet arising from the q or q, as the case may be. Obviously, since the gluon 
coupling is vectorlike, equal numbers of doublet qn and singlet q%R states will be produced. 
Decays of these qi states involve more channels, viz., 



q + ii 

q + Z°^q + £ ± +£f^q + 
q' + Wf 



+ 7i 



qiL -> < 



^ w± _|_ 7l 



-+ 



+ v(u) + 7i 



(5) 



^ v(v) + 



0± 



qq + 71 

-> i/(P) + ^ + 7i 



and 



g + 7i 



+ (Pi) ^z/(P)+£ ± + 7i 



(6) 



g + g + £± + ^ -> g + + 7i 

with the final states in Eqn. [5] being, from top to bottom, hadronic jet plus missing Ex 
(MET), hadronic jet plus dilepton plus MET, single lepton plus MET, pair of jets plus 
MET, single slepton plus MET, single lepton plus MET; while the final states in Eqn. E]are, 
from top to bottom, hadronic jet plus missing E T (MET) and hadronic jet plus dilepton plus 
MET. Here we must remember that the number of jets is only a rough estimate, since jets 
can always split and/or merge during the fragmentation process. 



When we consider all the possible cascade decays of the pair of qi,gi states produced, it is 
obvious that the final states will always involve (a) large missing transverse energy (MET), 



and (b) an indeterminate but limited number of hard leptons and jets — where the word 
'hard' is used not so much in the usual sense of large transverse momentum (p?) but more to 
distinguish these from 'soft' leptons and jets produced during fragmentation. The reason for 
this last caveat is that the transverse momentum carried by these arises almost wholly from 
the mass difference between the parent and daughter states, which, in a compressed mUED 
mass spectrum, is not very large. The question then arises as to whether these leptons and 
hadronic jets can clear the minimum p? cuts employed in mUED searches. To study, this, 
it is clear that the relevant mass differences, with the corresponding states, are 

1. jet: M( 9l ) - M( gi ), or, M( 9l ) - M( 7l ), or, M { q x ) - M(W 1 )/M(Z 1 ); 

2. lepton: § [M(Z X ) - M(4)], or, \ [M{W X ) - M( 7l )], or, M(4) - M( 7l ). 

We must note that these mass differences form approximate upper bounds on the transverse 
momentum pt', for most events the actual pt value is lower. We also note in passing that 
though we will present mass differences for the choice q% = un, there will be very little 
change if any of the others is chosen. 

One of the most important results of having a compressed spectrum is that for a given value 
of -R -1 , the masses of the q x and g\ states are lighter than before, and hence, these would 
be produced more copiously at the LHC. To illustrate this, as well as the upper bounds on 
jet and lepton pt, we have plotted, in Figure HJ the total production cross-sections at the 
14(7) TeV LHC for the processes listed in Eqn. [3] versus the mass differences 

(a) M( 9l ) - M( qi ); 

(b) M( 9l ) - M( 7l ); 

(c) §[M(Wk)-Af(7i)]; 

(d) M(£ 1 )-M( 7l ). 

In every plot, the solid (broken) lines indicate a Higgs boson mass of 127 (115) GeV, while 
the colour red(blue) corresponds to 14 (7) TeV. The value of varies from 300 GeV to 
several TeV as we proceed downwards along each line. Cross-sections obviously tend to 
decrease as the Higgs boson mass increases, and this is accentuated at larger values of R -1 . 

A striking feature of the plots shown in Figure H] is the fact that the raw cross-sections for 
production of n = 1 particles can be very large - several nanobarns for low values of R^ 1 , 
but fall rapidly as R~ l increases. This is not surprising, for after all, it is known that the tt 
production cross-section is close to a nanobarn, and the heavy qi states are, after all, very 
similar to top quarks. For the same reason, however, tt production could be an irreducible 
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Figure 4: Cross-sections for g\ and qi pair production (see Eqn. |3])) at the LHC, versus various mass 
differences as labelled corresponding to the maximum energies of (a,b) jets, (c) jets and leptons, and 
(d) leptons, arising in the cascade decays of n = 1 KK resonances. Solid (broken) lines correspond to 
M H = 127 (115) GeV, while the colours red (blue) correspond to ^fs = 14 (7) TeV respectively. 

background to mUED signals, since the top quark and its anti-quark are known to decay to 
leptons, hadronic jets and large MET. In, fact, to get rid of the tt and other SM backgrounds, 
including the enormous QCD background, it is usual to impose some minimum cuts on the 
Pt of these final states. This, we shall see, will deeply affect the kind of searches we are now 
considering. For, as the plots in Figure 0] show, the px of the final states leptons and jets is 
severely limited by the small mass differences in the compressed spectrum. As a result, px 
cuts imposed to remove SM backgrounds will also remove substantial portions of the mUED 
signals. In fact, the low cross-sections for = 7 TeV, illustrated in Figure HI lead us to 
believe that we must look to the 14 TeV option to see any viable signal. 



Let us consider the mUED signals in some more detail. If we go by the analogy of supersym- 
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metry, the most promising final state should be multiple jets and large missing transverse 
energy (MET). Typical pt triggers for multi-jet plus MET signals in supersymmetric models 
generally lie at the level of 50 to 100 GeV, and it is clear from Figure S] (a) and (b) that the 
mlJED signal events would be able to clear such trigger requirements only for larger values 
of -R -1 , where the cross-sections are rather small. However, if the trigger requirements are 
relaxed in a low-pr search, the situation does not improve substantially, for then the SM 
backgrounds become intractable. To make matters concrete, we carry out a Monte Carlo 
simulation of the signal with multiple jets and MET at y/s = 14 TeV, using the well-known 
Monte Carlo event generator Pythia [13], for R' 1 = 500 GeV, with weak and strong kine- 
matic criteria as follows: 

CO: only lepton veto; 

CI: lepton veto, p e T > 20 GeV and^ T > 30 GeV; 

C2: lepton veto, p e T > 50 GeV,^ T > 100 GeV. 
The 'lepton veto' requires the absence of isolated leptons with transverse momentum greater 
than 10 GeV. Our results are given in Table |5] below. 



cuts 


model 


< 2 jets + # T 


3 jets + ~$t 


4 jets + $ T 


> 4 jets + # T 


CO 


mUED 


129.7 (97.4) 


63.8 (63.4) 


43.4 (41.5) 


42.8 (43.8) 


CI 


mUED 


90.6 (74.8) 


53.3 (53.3) 


37.9 (36.9) 


40.1 (40.8) 




SM (tt) 


2.9 


7.4 


12.3 


23.3 




SM (QCD) 


1432.4 


1386.3 


850.1 


612.5 


C2 


mUED 


5.08 (3.12) 


1.2 (1.4) 


0.527 (0.67) 


0.34 (0.31) 



Table 2: The mUED signal in pb corresponding to R- 1 = 500 GeV and M H = 115 (127) GeV and 
SM backgrounds in the multi-jets + MET channels at the 14 TeV LHC, showing the effect of selection 
criteria defined by (CO) only lepton veto; (CI) lepton veto, p g T > 20 GeV, f$T > 30 GeV; (C2) lepton veto, 
p l T > 50 GeV, Tfr > 100 GeV. All detection efficiencies are assumed to be unity. 

It is clear from Table [2] that, irrespective of the exact mass of the Higgs boson, the mUED 
signal is at the level of a couple of hundred picobarns. This may appear sizeable, but it is 
not really so when we consider the SM backgrounds, of which we have presented just two, 
viz. tt production, and QCD production of jets and MET. Merely taking these two signals 
adds up to a few nanobarns, against which there is no hope of discerning the mUED signals. 
We can, of course, reduce the SM background by imposing more stringent kinematic cuts 
on the jets as well as on the MET. However, these will prove more deadly for the tenuous 
signal than for the background. For example, imposing p J T > 50 GeV and requiring MET 
greater than 100 GeV effectively reduces the signal by one, or even two, orders of magnitude, 



1 1 



thereby offsetting any advantage to be gained by imposing stricter kinematic criteria on the 
background. One may safely conclude, therefore, that even though n = 1 KK states will be 
copiously produced at the LHC, it will be very difficult to isolate them from the background, 
in the multi-jets plus MET channel. 

Recently, a combination of event shape variables has been used rather effectively [15] to 
reduce the SM backgrounds to the signal with multiple jets and MET. This has proved very 
successful for searches for supersymmetry, where the final state jets are hard and there is 
considerable MET. An allied study [16] of mUED signals using the same technique claims 
that this can be effectively used to search for mUED in the jets plus MET channel. However, 
we note that the success of this technique depends rather crucially on the 'hardness" of the 
jets, and Ref. [16] achieves this by taking AR = 10 and 40. We suspect that if the same 
analyses were to be re-done using the correct values of AR as presented in this article, the 
result would prove as disappointing as that for conventional searches described above. 

We now turn to leptonic signals for mUED. Naively, a glance at Figure H] would make 
matters seem very gloomy for such signals, since the px of the leptons, whose upper bounds 
correspond to the abscissa in Figure H](c) and (<f), rises above the trigger level of 20 GeV only 
when the cross-section falls to very low values. However, if the trigger level is reduced to, 
say, 10 GeV, the mUED signal will be less affected, but will now have to compete with SM 
backgrounds involving soft leptons arising from electroweak sources as well as hadronic decays 
inside jets. It is difficult to guess what will happen without performing a detailed study, and 
hence, we have again performed a simulation of the multi-lepton signals at = 14 TeV, 
using Pythia, for R^ 1 = 500 GeV, and imposing various kinematic criteria: 

CI: p e T > 10 GeV,#r > 20 GeV; 

C2: p T > 20 GeV,^ r > 30 GeV; 

C3: p T > 20 GeV,^ T > 50 GeV; 

C4: 10 GeV < p T < 25 GeV, 10 GeV < tf T < 25 GeV. 
Our results are illustrated in Table |3j 

A close study of Table |3] reveals the following features. Focussing on the mUED signal, it is 
clear that one may expect reasonably large cross-sections for signals with leptons, jets and 
MET, with lepton multiplicities of 1, 2 and 3, but a somewhat diminished probability of 
producing 4 leptons. This is easy to motivate from the decay chains listed in Eqns. [5] and El 
However, the application of even so gentle a kinematic selection criterion as CI: p T > 10 GeV, 
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JJjj* > 20 GeV leads to a considerable diminution of the signal in all channels except the 
one with a single lepton where the numbers are obviously not competitive with the SM 
backgrounds shown immediately below, which arise mainly from the production and decay 
of W, Z states, with or without associated jets, from ti production, and from QCD jets, 
which generate a hard isolated lepton only once in a few millions, but nevertheless form a 
substantial background because of the enormous cross-section for QCD processes. The QCD 
background is negligible for the case of two or more leptons, but there is a large background 
to dileptons from electroweak processes including the ti decays. 







U + jets + # T 


2£ + jets + $ T 


3£ + jets + $ T 


U + jets + # T 


cuts 


model 


o-(pb) 


o-(pb) 


a(fb) 


<r(fb) 


CI 


mUED 


74.4 (81.8) 


8.2 (11.9) 


430.3 (1002.0) 


15.0 (67.2) 




SM (EW, ti) 


62 758.0 


5 041.9 


90.8 


3.5 




SM (QCD) 


30 420.0 


0.0091 






C2 


mUED 


11.9 (14.3) 


0.5 (0.7) 


7.5 (7.0) 


0.1 (0.9) 




SM (EW, ti) 


52 612.7 


3 884.2 


77.2 


2.3 


C3 


mUED 


9.2 (11. 2) 


0.4 (0.5) 


7.0 (3.5) 


0.1 (0.4) 




SM (EW, ti) 


52 612.7 


3 884.2 


77.2 


2.3 


C4 


mUED 


11.1 (9.5) 


1.2 (1.4) 


37.5 (91.4) 


4.7 (11.3) 




SM (EW, ti) 


16 434.1 


892.1 


0.5 


0.1 



Table 3: The mUED signal corresponding to R' 1 = 500 GeV and M H = 115 (127) GeV and SM back- 
grounds in the multi-lepton + jets + MET channels at the 14 TeV LHC, showing the effect of selection 
criteria defined by (CI) p e T > 10 GeV,tf T > 20 GeV; (C2) p e T > 20 GeV,tf T > 30 GeV; (C3) p e T > 20 GeV, 
N't > 50 GeV; (C4) 10 GeV < p e T < 25 GeV, 10 GeV < tf T < 25 GeV. All detection efficiencies are assumed 
to be unity. 



Very different from the case of one or two leptons are the two columns on the right of Table |3j 
Here, the trilepton and quadrilepton signals stand out clearly over the backgrounds, when 
the milder selection criteria CI and C4 are taken (the converse is the case when we take more 
conventional criteria as in C3 and C4). For the trilepton signal, the signal will be substantial 
even in the early runs of the 14 TeV LHC upgrade; for the quadrilepton signal, the signal is 
more modest, and will require perhaps a year or two to show up in enough numbers to come 
to any definite conclusion. . 

Searches for the mUED model at the LHC will, therefore, clearly have to wait a few years 
before any conclusion can be reached. Noting that all our results are pertinent to a compar- 
atively low R^ 1 = 500 GeV, a negative result will only push up the lower bound on R^ 1 to 
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a higher value, perhaps eventually in the ballpark of 1.5 TeV. On the other hand a positive 
signal will hardly be distinguishable from those of a supersymmetric model with a similarly 
compressed spectrum. It may be mentioned in passing that it has been claimed [17] that 
the multiplicity of accompanying jets can be used as a discriminant between the rnUED and 
supersymmetric models. Such claims are, however, based on studies with a less compressed 
spectrum and much more stringent kinematic cuts on the leptons, accompanying jets, and 
MET. Their applicability to a compressed mass spectrum as considered in this work is, 
therefore, an open question. 

Another way to easily distinguish mUED signals from supersymmetric ones involves looking 
for the n = 2 KK excitations. Here, however, the situation is really gloomy. Once again, the 
spectrum will be compressed - at the same relative level as that for n — 1 states, though 
the splitting would be roughly double that for n = 1 states. Referring to Figure [21 we see 
that for = 1 TeV, we can expect a 72 of mass around 2.0 TeV, a W 2 and a Z 2 of mass 
around 2.08 TeV and a g 2 of mass around 2.22 — 2.26 GeV. These states can be produced 
singly as resonances in quark or gluon fusion, and can be detected through their subsequent 
decay into £ + £~ pairs [H] or ti pairs [IB] . 

Compression of the mass-spectrum does not really matter for the single production of res- 
onances, but in such studies, what really matters is the coupling of the resonance to the 
partons, which is achieved through KK number-violating operators generated at the one- 
loop level. Obviously, such couplings, like the mass-splitting, will be seriously affected by 
the number of KK levels over which the loop momentum is summed. An estimate of this 
effect may be obtained from Figure 2 of Ref. [18J, where the sum over 5 KK levels may be 
taken to closely approximate the effect of the sum over 3-4 levels induced by the vacuum 
stability condition. At a rough estimate, the result of the lower number of KK levels summed 
leads to a reduction of the couplings of the g\ to partons by a factor around 4 to 5, i.e. a 
reduction in the resonant cross-section by a factor around 20. If we apply this to the results 
shown (for AR = 20) in Figure 6 of Ref. [18J, the nice resonances shown therein shrink to 
levels which are smaller even than the la fluctuation in the ti background from the SM. 
As the relevant plot already assumes a luminosity of 100 fb _1 at 14 TeV, it is more-or-less 
obvious that g 2 resonances, like the n = 1 cascade products, will be lost against the SM 
backgrounds. A similar argument may be applied to 72 and Z 2 resonances, decaying to 
e + e~ and / u + /i~ pairs, illustrated in Figure 9 of Ref. [14] . In this case, the reduction in the 
coupling is by a factor around 10 rather than 20, but this will still leave barely one or two 



signal events to be discovered in 100 fb 1 of data, against a background in the ballpark of 
10 — 20 events. Thus, the search for n = 2 states seems to be another issue without hope. 

It is quite clear, therefore, that if a Higgs boson is discovered in the now-relevant mass range 
of 115 — 127 GeV, this will immediately render sterile all prospects of finding mUED signals 
at the LHC, except in the trilepton and quadrilepton channels — where they will be indis- 
tinguishable from a class of models with supersymmetry. One can, then ask the legitimate 
question whether it is better worth looking for such signals at the proposed International 
Linear Collider (ILC), where e + e~ pairs will collide at energies of 500 GeV or 1 TeV. Indeed 
e + e~ colliders are known to be much cleaner as regards SM backgrounds, and this might 
make it easier to find the elusive mUED signals and try to distinguish them from supersym- 
metry signals [19]. Of course, the bounds on arising from electroweak precision tests 
tell us that we cannot expect to produce KK excitations in the 500 GeV run. At the 1 TeV 
run, searches for n = 2 resonances excited by 'return to the Z'-type effects due to ISR and 
beamstrahlung could result in narrow resonances in dilepton channels [Tj5] , but these cannot 
survive the order-of-magnitude reduction in coupling described above. For n = 1 states, a 
detailed study made in the context of the 4 TeV CLIC machine [20] shows that to detect 
signals with leptons and missing energy, one requires a minimum of 50 GeV of MET, which 
cannot be achieved through n = 1 KK mode decays involving leptons. Prospects may be 
better for the signal arising from 

e+e" ->• q 1 +q x -»■ (q + Jx) + (q + ji) (7) 

which involves two jets and MET. Here the SM backgrounds may be more tractable than 
in a hadron collider like the LHC, but a more focussed study is required to confirm this 
guess [21]. 

In conclusion, then, we have shown that if a light Higgs boson is indeed found at the LHC, 
the collider phenomenology of a mUED model would be profoundly affected by the low 
cutoff demanded by the vacuum stability of the model. At the LHC, the n = 1 states will 
be produced in large numbers, but will decay into soft final states indistinguishable from the 
QCD and other SM backgrounds, except for weak trilepton and quadrilepton signals with 
accompanying jets and MET. The n = 2 particles could appear as resonances in dilepton 
and ti final states, but these may be too weak to appear above the SM backgrounds. For 
n = 2 states, a similar conclusion will hold at the ILC or CLIC machines, but the dijet plus 
MET signal has better prospects. If, indeed, the mUED picture of the world is correct, we 
may have to wait for the upgraded LHC to make the discovery and for the ILC to be up and 
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running at 1 TeV before we can come to a definite conclusion. 
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